Introduction
The measurement of the sizes and the velocities of droplets relies upon widespread and well-established techniques, but characterizing their temperature and their composition remains challenging. The lack of standard methods is particularly detrimental, given the importance of these parameters for validating models and numerical simulations of many processes involving sprays.
Measuring the droplet temperature and composition is required to investigate heat and mass transfers at different scales. For the purposes of many fundamental studies, it is of interest to characterize phenomena which occur at the droplet scale. Some of these studies deal with motionless droplets which can be suspended on a wire (Saharin et al. 2012) , levitated by means of optical tweezers (Ashkin 1970) , ultrasonic acoustic fields (Tuckermann et al. 2002) or electrodynamic quadrupoles (Heinisch et al. 2009 ). Single moving droplets and streams of monodisperse droplets formed through a continuous jet breakup are also frequently used for studying the elementary properties of droplets (König et al. 1986 ). Large scale measurements in sprays have been reported in a wide range of studies some of which covered areas close to industrial applications. Spray measurements generally require calculation of the average spatial and/or temporal properties of the droplets because many droplets will cross the probe volume.
Heat and mass transfers play a dominant role in many industrial applications of sprays. With internal combustion engines, spray studies are of interest for research into potential emissions reductions and the overall optimization of combustion. Modeling droplet heating and evaporation as well as fuel-air mixing (Abramzon and Sirignano 1989; Sazhin et al. 2006 ) requires advanced experimentally obtained knowledge of droplet behavior, and temperature and composition measurements are particularly relevant parameters which need to be characterized. One issue of particular interest is the change in composition of the droplets due to the preferential evaporation of the more volatile chemical species contained in the fuel which are typically made up of hundreds of chemical species. This differential evaporation both affects the liquid phase Sazhin et al. 2010; Tong and Sirignano 1986) and has a direct influence on vapor composition and thus on the kinetics and extents to which chemical reactions occur in the gas phase.
Measuring droplet temperature is also of great interest in research studies related to spray cooling for applications in the steel processing industry (Castanet et al. 2009; Panao and Moreira 2009) or in the heat management of increasingly high-speed electronic components (Kim 2007) . For these spray applications to succeed, the capacity to remove high heat fluxes from the surface of the hot wall is required. In Dunand et al. (2013) , temperature measurements of droplets impinging a hot wall provided insight into the contribution of liquid heating to the cooling rate of the wall.
For certain applications, droplets can be considered almost perfect chemical micro-reactors. As the only contact surface is the liquid/gas interface, they offer the advantage of avoiding solid walls around the sample which avoids any chemical and thermal contamination by a container (Omrane et al. 2004b ). The flow circulation inside the droplet and the small volume of the droplet promote a rapid mixing of the reagents (Teh et al. 2008) . The large area/volume ratio of the droplets enhances surface phenomena effects, particularly evaporation and heating which are of importance in some conversion processes like spray drying. In spray drying, temperature and concentration changes at the droplet surface trigger chemical reactions and phase changes like crystallization inside the droplets (Saha et al. 2010a ) and modifications of the droplet shape and structure (for example by agglomeration of the solid beads in the slurry). Spray drying enables the production of a dry powder from a liquid or slurry containing macroscopic aggregates and nanoparticles (Wu et al. 1987) . For many years, this has been an intensive area of research because it is one of the preferred methods for drying many thermally sensitive materials such as foods, pharmaceuticals, cosmetics. Information about the composition of both liquid and solid phases is essential when investigating spray drying processes (Seydel et al. 2006; Yarin et al. 2002) . Liquid sprays are also used in wet scrubbers to capture gaseous and particulate pollutants. When fine droplets are atomized in spray towers, this provides a large liquid-gas interface for absorbing gas and which maximizes the number of droplet impacts with the pollutant particles. Controlling the droplet composition non-intrusively appears a major concern in all these applications which involve droplets undergoing a chemical modification. The temperature of the droplets is also of significant interest because since chemical kinetics and equilibrium, absorption and diffusion coefficients are all thermally dependent. This paper presents a review of the main optical techniques devised to measure the temperature and the chemical compositions of droplets non-intrusively. Most of them are based on phenomena related to light interaction with matter which are influenced to a certain extent by the temperature or the chemical composition of the investigated medium. These techniques share a common feature in that they all provide indirect measurements.
A first group of measurement techniques relies on photoluminescence processes like fluorescence or phosphorescence which are the consequence of the spontaneous relaxation of molecular species after these have been excited by a type of energy. If a laser is used to populate the excited state, the method is called laser-induced fluorescence or phosphorescence. The emitted radiation has a temperature and possibly a composition dependence that can be exploited, when it is known from a model or an empirical calibration.
In fluorescence-based diagnostics, an organic dye chosen for the high sensitivity of its emission to the temperature is generally added to the liquid when the probed parameter is the droplet temperature. Alternatively, thermographic phosphors in the form of fine powders can be added to the liquid and efficiently emit a light that also changes with temperature. When the probed parameter is the composition, the fluorescent molecules need to be a chemical species which is naturally present in the multicomponent droplet.
Single-color intensity-based methods can be used in principle, but their practical implementation is not straightforward in the case of droplets. The main problem with these methods is that any modification of the signal intensity which does not exclusively originate from temperature or composition variations must be accounted for separately. As ratiometric approaches do not present these drawbacks, they are generally preferred for measuring droplet temperature. However, intensity ratios have been found to cancel out the influence of the concentration on the fluorescence signal almost totally. One possibility is to use a single dye with two spectral bands of detection. Laser-induced exciplex fluorescence has been also reported as a means to probe droplet temperature based on the ratio of excimer/monomer fluorescence intensities.
Measuring the lifetime of fluorescence and phosphorescence can be an alternative for researches aiming to characterize the temperature and composition of droplets because such measurements provides information about the physical and chemical environment of the emitting molecules. As it is an intrinsic parameter, lifetime measurements inherently do not require the same care as intensitybased methods. The decay time can be determined using both time and frequency-domain methods. Time-resolved measurements enable more of the signature of a compound to be elucidated in the case of a mixture of several fluorescent or phosphorescent molecules. However, timeresolved measurements are instrumentally sophisticated as they require fast detection systems and light pulses whose durations are short in comparison with the excited state lifetime. These technical considerations may partially explain the limited number of time-resolved fluorescence lifetime measurements reported so far in the field of droplets given that fluorescence is very short-lived (on the nanosecond timescale). In comparison, phosphorescence is slow (often milliseconds or longer) and therefore timeresolved measurements can be easily employed, particularly gating approaches. However, quenching by impurities especially oxygen usually makes phosphorescence difficult to observe. Phosphors are noticeable in that their quenching is not affected by the molecules present in the medium in which they are dispersed.
Other measurement techniques rely on elastic or inelastic light scattering by the droplets or by the molecules of certain chemical species present in the droplet. In elastic light scattering, the wavelength is not changed by scattering and the scattered light intensity is only a function of the scattering angle. This phenomenon is the most rigorously described by the Mie theory in the size range of the droplets in most applications. Characteristic features of the light scattered by the droplets, in particular the angular position of the rainbow, are very sensitive to the refractive index and thus the temperature and composition of the droplet. While standard rainbow refractometry is dedicated to the characterization of single droplets and requires perfectly spherical droplets, global rainbow refractometry applies to an ensemble of droplets and can be used if some of them are non-spherical as long as they are randomly oriented. A particular issue for the implementation of this technique is the robustness of the signal inversion algorithm as this requires knowing the droplet size distribution. Measurement reliability is also affected by refractive index gradients inside the droplet, and these are unavoidable in the case of evaporating single or multicomponent droplets. Finally, the fact that it is impossible to separate the effect of temperature or composition variations in the refractive index measurements is another difficulty involved with using this technique.
Raman scattering is a form of inelastic scattering of molecules which can be exploited to characterize the chemical composition of a medium and in some cases its temperature by using both the surface area and the position of the peaks in the Raman spectrum. Spontaneous Raman scattering has been utilized in single-phase liquid flows and in droplet flows. The main drawback of this method is the weakness of the signal which would in practice require high power lasers being used. However, coupling Raman emission and morphology-dependent resonances in droplets lead to Raman stimulated emission which greatly improves the method's capabilities-the Raman signal is significantly amplified, and the sensitivity in the composition variation becomes exponential.
Finally, alternative diagnostics including thermochromic liquid crystals, infrared thermography, morphology-dependent resonances will be also presented.
Measurement techniques based on light scattering

Rainbow refractometry
Rainbow refractometry is a non-intrusive technique that simultaneously provides information about the refractive index and droplets size. The droplet temperature and composition can be inferred from the refractive index provided that the dependence of the refractive index on both temperature and composition is known. Standard rainbow refractometry (SRR) applies to single droplets and global rainbow refractometry (GRR) to an ensemble of droplets contained in an extended probe volume.
Standard rainbow refractometry (SRR)
A first approximation of the path of light through a droplet can be obtained by applying the laws of geometrical optics. A sketch of the different modes of rays resulting from the interaction of light with a transparent spherical particle is given in Fig. 1 . Each time light strikes the surface of the particle, part of the light is reflected and part is refracted. Rays reflected directly from the surface are labeled as order 0, while those transmitted directly through the droplet are designated order 1. The rays of order 2 emerge after one internal reflection and it is these rays which give rise to the primary rainbow. The superimposition of all the order 2 rays shows that these rays emerge from the particle with the greatest concentration in the vicinity of a specific scattering angle called the rainbow angle. The enhancement in the intensity of the scattered light in this angular region corresponds to the primary rainbow. Higher-order rainbows (i.e., made up of rays of higher orders) can be also observed. According to van de Hulst (1981) , following the assumptions of the geometrical optics, the angle h rg of the primary rainbow can be expressed as:
where n is the refractive index of the liquid of interest. Basically, SRR consists of detecting the light scattered by a single transparent particle to determine the angular position of the rainbow and thus the refractive index from Eq. (1). However, geometrical optics do not account for diffraction and interference of light. Airy's theory of rainbow addresses this issue by considering the wave nature of light (Airy 1838) thus showing that the rainbow angle h ra or more precisely the angular position of the first maximum of the primary rainbow pattern is a decreasing function of the droplet size:
where k is the light wavelength and D is the droplet diameter. Airy's theory relies on the assumption that the intensity of light in a rainbow could be modeled using a plane wave-front. This approximation means that it may suffer from noticeable discrepancies especially at small droplet sizes (Lee 1998; van de Hulst 1981) . The LorenzMie theory (LMT) provides a solution to Maxwell's equation for the scattering of electromagnetic radiation by a sphere and therefore applies to particles of small size parameter. The first published results concerning SRR were reported by Massoli et al. (1993) , Roth et al. (1988 Roth et al. ( , 1991 , Sankar et al. (1993) and Van Beeck and Riethmuller (1994, 1995) . In a SRR setup, a CW laser illuminates a single droplet or an ensemble of droplets to produce rainbows which are monochromatic (Fig. 2) . Spatial filtering may be required to simultaneously select single droplets when the method is applied to a spray. The CW laser may be replaced advantageously by a pulsed laser which allows the rainbow pattern to be frozen to eliminate perturbations from transient events such as oscillations of the droplet shape (van Beeck and Riethmuller 1998) . A CCD camera imaging the focal plane of a lens can be used to observe the angular distribution of the scattered light in the vicinity of the rainbow angle.
A typical image of the rainbow pattern is presented in Fig. 3 . The rainbow is composed of a low-frequency structure, the Airy fringes which are perfectly visible in Fig. 3 and in the intensity profile displayed Fig. 4 . Airy fringes originate from interference between rays of order 2 which have experienced one internal reflection. These rays emerge from the droplet in the same angular direction but have different impact points on the droplet surface. Furthermore, interference between orders 0 and 2 rays give rise to the ripple structure-i.e., a high-frequency modulation of intensity-which Airy's theory does not account for although the LMT does (Fig. 4) . Several strategies have been reported for the inversion of the rainbow signal in SRR. In a first approach demonstrated by van Beeck and Riethmuller (1994, 1995) , the droplet size can be determined from the spacing between the Airy fringes without a priori knowledge of the refractive index. The refractive index is then derived from the angular position of the first maximum of the Airy fringes using Eq. (2). Another signal processing solution consists of inferring the droplet diameter from the ripple frequency, and this method may substantially improve the accuracy of the measurements (van Beeck and Riethmuller 1996) . Alternatively, Wilms and Weigand (2006) suggested that the refractive index could be determined from the angle of the inflection points of the main peak of the first rainbow instead of the maximum. One noticeable feature of this angle is that it does not depend on the droplet size which may be an advantage in some experiments. As underlined by Damaschke (2003) , ripples are a potential source of error in the previous methods of inversion. Results are very sensitive to the location and amplitude of the ripples even though the signal is low pass filtered when compared to Airy's theory. To reduce the uncertainties caused by the ripple structure and the noise, Wilms et al. (2004) used a discrete Fourier transform of the rainbow signal and the Airy theory (van Beeck 1997; Walker 1976) .
Inversion algorithms have greatly benefited from recent developments of light scattering calculators based on the Lorentz-Mie theory (LMT) or Generalized Lorentz-Mie theory (GLMT) for focused laser beams (Gouesbet and Gréhan 2011) . Both Nussenszweig's complex angular momentum theory (Nussenzveig 1969; Saengkaew et al. 2006) or the Debye-series which enables the separation of the contributions of different scattering orders (Gouesbet and Gréhan 2011) permit fast and accurate calculations. An example of intensity profile computed by LMT in the region of the primary rainbow is presented in Fig. 4 . The ripple structure and the Airy fringes are clearly visible in this profile. Figure 4 also shows that the exact solution given by LMT can be filtered to compare with the Airy theory. The possibility of fast calculations with today's computer resources has considerably renewed inversion schemes and led to a dramatic reduction in uncertainties linked with signal processing.
Scattered light is recorded simultaneously in the forward and backward directions. The inversion consists of looking for the best correlation in the Fourier domain (position of the characteristic frequencies and phases) between experimental light scattered profiles and refined calculations based on an exact method like LMT which also take the optical devices' field of view into account (Han et al. 1998; Min and Gomez 1996) . Saengkaew et al. (2007) employed this kind of inversion method on a monodisperse stream of ethanol droplets (initial diameter around 95 lm) slowly evaporating in air at ambient temperature. They claimed to have observed a size variation of 0.2 lm over 2 cm and an associated temperature variation of 5°C. Saengkaew et al. (2010) pointed out the additional benefit in taking into account the ripple structure in the signal inversion.
One noticeable feature of the SRR method is its high sensitivity. For example, a temperature rise from 0 to Fig. 4 Scattering pattern by a spherical particle in the vicinity of the primary rainbow computed using LMT. Filtered LMT and Airy theory are also superimposed. Reprinted from Wilms et al. (2004) 100°C causes a variation of 2.3°in the rainbow angle of water droplets. However, the deformation of the droplets remains a particular issue of concern. If the droplets are not sufficiently spherical, subsequent distortions of the rainbow pattern may create some ambiguity in the measurement of the refractive index (Han et al. 2002) . This kind of error caused by non-sphericity can be avoided in a spray using the global rainbow thermometry described in the next section.
When transient heating and evaporation are under study, gradients of refractive index can arise from non-uniform temperature and composition inside the droplets and size reduction and may significantly affect the measurements (Anders et al. 1996; Massoli 1997 Massoli , 1998 . To test the reliability of the SRR method, Massoli (1998) focused on the critical case of droplets in a reacting flow and carried out numerical simulations based on LMT. In this study, the strong evaporation and heating of the droplets were studied by working with a reduction in the droplet diameter and a radial distribution of refractive index. Results showed a significant decrease in the accuracy of rainbow refractometry. Saengkaew et al. (2007) studied the sensitivity of the SRR to a radial gradient of refractive index and demonstrated that it is always possible to find an equivalent particle with a homogeneous refractive index which scatters light in both forward and backward directions in the same way as a particle with a gradient. However, the temperature corresponding to the refractive index of this equivalent particle is rather difficult to interpret physically.
In the presence of refractive index gradients, measurements by SRR can be misleading (Anders et al. 1996; Schneider and Hilerman 1993) . In some cases, measurements may unrealistically indicate cooling, while the droplet is in fact heating because of a higher temperature at the droplet surface than within its interior. The effect of a gradient of refractive index is illustrated in Fig. 5 . The higher refractive index at the droplet surface is responsible for a decrease in the scattering angle of the first-order rays and an increase in the angle of the primary rainbow when compared to the homogeneous droplet with an average refractive index. It is clear that the angle of the primary rainbow can be misinterpreted in the case considered in Fig. 5 .
The most frequent applications of SRR involve determining the droplet temperature from the refractive index, but the technique can also be used to characterize the chemical composition of droplets in which chemical transformations and reactions are embedded. Wilms et al. (2004) investigated the composition change of evaporating droplets made of n-alkanes mixtures. In these experiments, droplets were optically trapped in a laser beam which allows observations during their complete lifetime. Given the short duration of droplet heating (in relation to their evaporation time), it can be safely assumed that the refractive index depends on the droplet composition exclusively. Figure 6 shows typical results obtained in the case of n-hexadecane/n-dodecane droplets. The fraction of n-dodecane within the droplet decreases because n-dodecane is the most volatile compound in the mixture. It is important to note that such measurements are feasible because the refractive index of n-alkanes varies monotonically with the number of carbon atoms. This noticeable feature of n-alkanes was also exploited by Wilms and Weigand (2006) who studied free falling droplets made of n-heptane and n-hexadecane. In this particular case, it was possible to detect the presence of composition gradients inside the droplet thanks to the high difference in volatility of n-heptane and n-hexadecane and so this paper went on to discuss the relevance of models such as the rapid-mixing and the diffusion-limited models for the description of the mechanism of molecular transport inside the droplets (Fig. 6) .
More refined utilizations of SRR concerned its coupling with other techniques such as phase Doppler analysis (PDA) and laser-induced fluorescence (LIF). Zhao and Qiu (2006) combined SRR and PDA to study the evaporation of monosized droplets made of ethanol and water. In this study, the refractive index of the liquid mixture was modeled by the Lorentz-Lorentz law, but its determination by SRR requires the knowledge of the droplet diameter. The PDA provides an accurate measurement of droplet diameter if the particle refractive index is known but with a rather limited sensitivity to this parameter. However, SRR can be used to measure the refractive index if the droplet size is known. An iterative procedure is thus employed to obtain both the droplet diameter and the refractive index.
As the refractive index is a function of both composition and temperature, there is an ambiguity in the interpretation of the measured variations of the refractive index. However, since water evaporation is very weak in comparison with ethanol, Zhao and Qiu (2006) made the assumption that the size reduction in the droplet results from the loss of ethanol exclusively. If all droplets are of the same size at the moment of injection, droplet composition can be deduced from the measurement of the size and thus the respective contributions of temperature and composition to the refractive index measurements can be distinguished. Obviously, this method cannot be applied to the general case of two co-evaporating components because in this case, the composition of the droplet would not be related to the transient droplet diameter. As already mentioned, inversion algorithms in SRR are capable of handling gradients of refractive index within the droplet thus providing an equivalent particle of homogeneous refractive index with the same scattering pattern as the real particle ). The combination of SRR with another temperature measurement technique is thus of particular interest as it can provide additional information about the temperature distribution within the droplet. Laurent et al. (2006) measured the temperature of evaporating droplets using both SRR and the two-color laser-induced fluorescence technique described in Sect. 3.3.
In this study, the authors assumed a parabolic distribution of the temperature within the droplet. Hence, knowledge of the temperature at the droplet center and the surface temperature suffices to fully characterize the whole temperature profile. Preliminary calculations using Nussenzveig's complex angular momentum theory (McGlashen et al. 1990; Nussenzveig 1969) are performed based on the assumption that the droplet consists of several concentric layers of constant refractive index. These calculations show how the refractive index measured by SRR (refractive index of the uniform equivalent droplet) is related to the refractive index at the droplet center and surface, while 2cLIF measurements provide a volume-averaged temperature which can be also expressed as a combination of both surface and center temperatures provided that the temperature has a parabolic distribution. The combination of both measurement techniques can be used to obtain a set of two equations with two unknown parameters-the center and surface temperatures. The resolution of these equations gives an estimate of the temperature distribution within the droplets.
Global rainbow refractometry (GRR)
The GRR technique was initiated by van Beeck et al. (1999) and can be seen as an extension of SRR to sprays. Potentially, GRR is capable of providing valuable information about the size distribution and the temperature associated with an ensemble of droplets. Furthermore, the aim of this method is to eliminate some of the biases of SRR, especially those related to the presence of deformed droplets because non-spherical droplets are a major source of errors. A sphericity default of only 1 % may lead to errors in temperature measurements as high as ±40°C (Moebius 1910; van Beeck et al. 1999) . van Beeck et al. (1999) attempted to select spherical droplets for processing according to the comparison of droplet size measurements from the Airy fringes and from the ripple.
The optical setup of GRR is very similar to that of SRR, the main difference being the suppression of the spatial filter to select single drops in the probe volume. An extended laser beam is required to simultaneously illuminate numerous droplets and a CCD camera takes images of the global rainbow. It is important to note that the GRR technique works with droplets of different sizes and shapes. The global rainbow results from the superimposition of the rainbows produced by the illuminated droplets. Since spherical droplets have approximately the same refractive index in the probe volume, the angular position of their rainbows is identical and the global rainbow is therefore mainly formed by the constructive interferences of the rainbows of the spherical droplets. Conversely, nonspherical objects like spheroids or ligaments cause Fig. 6 Evaporation of a binary droplet made of n-hexadecane and n-dodecane: temporal evolution of the n-dodecane molar fraction derived from the refractive index measurement (initial molar fraction of n-dodecane: 66 %, initial diameter: 52 lm). Reprinted from Wilms et al. (2004) destructive interferences. A uniform background will result from the summation of their signals provided that the nonspherical objects are randomly oriented. It is commonly accepted that about 1,000 droplets in the probe volume are required to create a converged pattern of global rainbow. In practice, this implies that the attainable probe volume size in GRR depends on spray density. A typical image of a global rainbow recorded in an isothermal water spray is presented in Fig. 7a , while its corresponding intensity profile is displayed in Fig. 7b . In Fig. 7 , the Airy fringes are clearly distinguishable due to the absence of ripple. The disappearance of the ripple structure is an interesting feature of the GRR method since ripples had generally been viewed as an obstacle for accurately locating the rainbow maximum in SRR (Roth et al. 1992) .
Concerning the inversion of the measurements, van Beeck et al. (2001) demonstrated that the temperature can be derived from the position of the two inflexion points located around the principal rainbow maximum. The reliability of this method was assessed by simulations of the global rainbow based on LMT. If the accurate droplet size distribution is known, uncertainty can be mainly attributed to the difficulty in locating inflexion points with temperature uncertainties only involving a few°C. The inversion procedure using the angular position of the inflexion points was successfully applied to the characterization of an isothermal water spray (van Beeck et al. 2003) . In the case of water sprays, errors do not exceed 4°C according to different studies (van Beeck et al. 1999 (van Beeck et al. , 2001 . In general, the mean droplet diameter derived from the angular distance of the inflection points around the first rainbow maxima greatly differs from the Sauter mean diameter, but an estimate of size dispersion can still be obtained (van Beeck et al. 2001) . Vetrano et al. (2004) highlighted the fact that the previous inversion method has some inherent weaknesses as it is based on characteristic points of rainbowscattered light distribution. To address this issue, they developed a more robust inversion algorithm based on the least square fit of the whole rainbow pattern. The method was demonstrated on silicon oil droplets suspended in a water bulk with a quite large distribution of droplet sizes.
Based on the preliminary works of Han et al. (2002) and Bonin et al. (2007) , Wilms et al. (2008) demonstrated that the contribution of non-spherical droplets to the global rainbow is not in fact a uniform background. They found that measurements of droplet size and refractive index are not affected to the same extent when making this erroneous assumption. A variation of the GRR method was proposed by Wilms et al. (2008) who aimed to eliminate the negative contribution of non-spherical droplets. In this approach, images of rainbows derived from single droplets were recorded in the spray using an appropriate spatial filter. A global rainbow was then reconstructed by superimposing the images of the rainbows from single droplets after elimination of the images corresponding to non-spherical drops. Several criteria were used to filter the non-spherical droplets: the intensity ratio of the first two maxima, the ratio of the angular spacing of the first two minima and maxima of the rainbow. The method was successfully tested in the vicinity of the outlet orifice of an atomizer where a large amount of droplets are non-spherical. The droplet size distribution was compared to results obtained using a PDA, and a better success rate was found using these new criteria of sphericity than with the traditional inversion algorithm.
Using the same method for the image acquisition, Saengkaew et al. (2009) analyzed the effect of a proportion of non-spherical droplets on the temperature and size distribution measurements by using time series images of nonspherical droplets (ellipticity varying from 0.988 to 1.012). After application of the sphericity criteria, the temperature was measured with an accuracy of 2°C and the obtained droplet size distribution was found to comply well good agreement with data obtained with a PDA. Moreover, the (2003) temperature accuracy was only about 5°C, and the droplet size distribution was strongly affected by small ghost particles, without application of the sphericity criteria. Saengkaew et al. (2012) proposed combining GRR and PDA with the aim of obtaining refractive index by class of droplet size in the sprays. They supposed that droplet size distribution had been correctly obtained using PDA measurements and went on to develop a two-step inversion algorithm. The main drawback of the method is that every droplet within a class of size is assumed to have the same refractive index. Furthermore, the probe volume dimensions of the PDA and global rainbow may be slightly different which is also a potential source of error. The method was applied to monitor the capture of CO 2 by monoethanolamine droplets. In this application, the dependence of the refractive index on both composition and temperature is not a problem because the effect of the composition is dominant in the conditions of the experiments.
Techniques based on Raman scattering spectroscopy
Raman scattering was widely used to characterize the chemical composition and to some extent the temperature of droplets. In particular, spontaneous Raman scattering provides indirect measurements of chemical composition, size and temperature. The method is also able to distinguish between liquid and vapor and to monitor phase changes in the droplet such as crystallization during the droplet drying for example. Cavity-enhanced Raman scattering allows a significant amplification of the signal. This approach has mainly been used to probe composition changes near the surface of droplets.
General concepts
Raman scattering results from non-elastic collisions of photons on nuclei and electron clouds of the molecules (Schweiger 1990 ). The net exchange of energy between photons and molecules may result in an increase or a decrease in the molecules' vibrational or rotational energies. Because of this process of energy conversion, the scattered Raman photons are blue-or red-shifted, i.e., they contain more or less energy as compared with incident photons. A stokes line (of energy h(x 0 -x k ), where x 0 is the incident photons frequency and x k is the frequency difference due to the Raman shift) and an anti-stokes line (of energy h(x 0 ? x k )) can be found in the Raman spectrum, where they form a symmetric pattern above and below the incident photon energy. The frequency shift associated with the Raman effect depends on the nature of the scattering molecules, while the intensity of the Raman scattering is a function of the number density of the molecules and to some extent the temperature through the Boltzmann fraction (Tropea et al. 2007 ). The intensity of the Raman scattering is so weak that powerful and highly focused laser sources are usually necessary for the measurements. To give an idea, the Raman scattering crosssection of common molecules is about 10 -30 cm 2 which is ten orders of magnitude smaller than the fluorescence cross-section of the molecules used in most of LIF's applications. The Raman signal consists of photons collected from a specific probe volume where molecules of the chemical specie c are excited at a specific light frequency x 0 . The Raman scattering flux S c radiated in a solid angle X 0 can be expressed as:
where x = x 0 ± x k is the Raman scattering frequency, N c is the number of c molecules in the probe volume, I 0 is the incident local excitation intensity and " h ¼ h=2p, h being the Planck constant. The Raman scattering cross-section of the chemical specie c, denoted r c , is temperature dependent through the Boltzmann fraction, i.e., the fraction of c molecules occupying a given vibrational and rotational mode at the considered temperature. The thermal dependence of Raman scattering has largely been used for thermometry in gases at high temperature. However, in some liquids, the influence of hydrogen bonds on the Raman shift becomes dominant and thermally dependent. More details about Raman scattering can be found in Anderson (1971 Anderson ( , 1973 and Herzberg (1945 Herzberg ( , 1950 .
With Raman scattering from droplets, the Raman signal arises from active molecules embedded in the droplet interacting with the incident excitation field. In this context, two processes should be considered to describe the Raman emission from the droplet. The first is the establishment of the field within the droplet at the incident laser wavelength, while the second is the establishment of the Raman field shifted in wavelength. In a simplified approach to describe the Raman scattering by a particle, the intensity of the Raman emission from the molecules inside the particle is considered to be proportional to the local intensity of the excitation field, although resonances can also take place. Resonances associated with the elastic field or whispering gallery modes (WGMs) will also correspond to resonances in Raman intensity (input resonances), but resonances associated with the Raman field (which is wavelength shifted) will lead to stimulated Raman emission (output resonance).
To describe the Raman scattering from particles, Eckbreth et al. (1979) introduced the derivative of the Raman cross-section per solid angle and scattering wavelength, o 2 r c oX ok s . The radiant flux W c emitted from a single particle where the specie c is homogeneously distributed is given by:
where V d is the volume of the particle, q c is the specific density of the specie c, M c its molar mass, N av is the Avogadro number, X 0 is the considered solid angle of the emission and Dk s is the spectral band over which the Raman photons are radiated.
Spontaneous Raman scattering
The main applications of spontaneous Raman scattering to droplets concern the characterization of their in situ chemical composition. Temperature measurements are also achievable but less common. As shown in Fig. 8 , a typical Raman scattering setup includes a highly focused laser which can be operated in continuous or pulsed modes and a CCD camera coupled with a spectrograph. When a pulsed excitation is used for the investigation of periodically flowing droplets-as seen in Fig. 8 -synchronization is required between the laser pulses and droplets. The principles behind the main applications of Raman scattering to droplets were reviewed by Schweiger (1990) . Schweiger (1987) and Davis et al. (1990) defined the basic concepts of Raman scattering applied to the in situ analysis of the composition of aerosols. Certain difficulties in analyzing the molecular composition of droplets can be associated with the effects of droplet size and shape because the droplet interface focuses the incident laser light inside the droplet. Since the Raman signal is proportional to the local excitation power density, the lensing effect produced by the droplet interface results in an inhomogeneous distribution of the sources of Raman scattering within the droplet and a non-uniform angular distribution of the Raman signal scattered by the droplet.
Additionally, morphology-dependent resonances (MDRs) also called whispering gallery modes (WGMs) (Hill and Brenner 1988) complicate the interpretation of the Raman spectrum by adding peaks corresponding to Raman frequencies which fulfill the resonance conditions (Owen et al. 1982) . This phenomenon can be exploited in techniques based on stimulated Raman scattering spectroscopy which are detailed in the next section. Resonance frequencies are highly sensitive to the size and the refractive index of the droplets and thus they are changing during the evaporation and heating of the droplets or when a chemical transformation is embedded in the droplets.
The use of monosized droplets,-since they all have the same diameter and refractive index at a designated location-tends to enhance the consequences of the already mentioned MDR peaks, but space and time averaging of the signal is generally used to smooth the resonances (Vehring et al. 1995) .
In a pioneer work on Raman scattering applied to droplets, Carls et al. (1990) investigated the chemical absorption of D 2 O vapor by an acoustically levitated droplet of glycerol (diameter 25 lm). Although the chemical evolution of the droplet could be clearly observed on the Raman spectra, quantitative interpretation remained difficult due to MDR peaks. Buehler et al. (1991) investigated the evaporation of multicomponent droplets using Raman scattering spectroscopy. They highlighted the difficulties linked to droplets evaporating and undergoing a chemical transformation. In particular, the method requires too large integration time due to the weak Raman signal. Ideally, the integration time of the technique should be much smaller than the time scale of the droplet changes in diameter, refractive index and chemical composition. Vehring et al. (1995) investigated the CO 2 desorption from water droplets. In this study, the shift between the peaks corresponding to gaseous CO 2 and dissolved CO 2 is used to separate the liquid and gaseous phases, while the area of the Raman peaks allows measuring concentrations in both phases. Using this approach, the authors were able to measure profiles of concentration in the gas phase in the close vicinity of the droplet. Vehring et al. (1998) performed similar measurements but extended the method to particles as small as 3 lm. Stowers and Friedlander (2002) applied Raman spectroscopy to their study on mixing two aerosols flowing into nitrogen with one made of diethylsebacate (DES) and the other of dried ammonium sulfate particles. They performed in situ measurements of the chemical composition of the polydisperse droplets (diameter ranging from 0.3 to 1.8 lm). In this work, numerical simulation was used to demonstrate that the intensity of the Raman signal is roughly proportional to the mass of active material when the size parameters range from 2 to 8. For the largest size parameters, calculations also showed that In the experiments, the integration of the Raman signal from many particles allows the oscillations of the signal to be reduced as compared with single particles. Finally, measurements of the chemical composition of the aerosol were achieved in an extended volume with a good level of accuracy by calculating the ratio of the height of the peak associated with nitrogen (the carrier gas) and the height of the peaks corresponding to DES or ammonium sulfate.
Spontaneous Raman scattering was also used to measure droplet temperature. Temperature measurements in liquids are based on the fact that some Raman lines are dependent on intermolecular forces, particularly hydrogen bonds whose strength is affected by the temperature. For instance, in liquid water, the number of hydrogen bonds formed by a molecule of liquid water decreases with the temperature. On that basis, measuring the temperature of liquid water can be performed by using the spectral shape of the OH stretching band (Vehring and Schweiger 1992; Walrafen 1967) . Müller et al. (2000b) used the shape of the OH stretching band to determine the temperature of ethanol and methanol droplets in a pre-heated direct injection gasoline spray injected into a 50-bar back-pressure chamber. Calibration of the OH stretching in bulk liquid is required to determine the position of the Raman peak at a given temperature, as illustrated in Fig. 9 which also shows the Raman emission corresponding to the OH emission of the vapor phase. This emission is shifted toward shorter wavelengths compared to the liquid phase. According to Müller et al. (2000b) , the technique has a high level of accuracy, typically of around ±1°C. These temperature measurements were spatially resolved but not timeresolved due to long acquisition time of the Raman spectra.
Another issue relates to multiple scattering of the incident laser radiation which can modify the polarization of the incident laser excitation in dense sprays. This is a major problem since the temperature sensitivity of some Raman peaks is affected by the polarization direction of incident laser light. Müller et al. (2000a) carried out a 2D characterization of an ethanol and methanol pulsed spray. In this study, spatially resolved measurements of liquid and vapor concentrations, droplet temperatures and sizes were achieved. The spectral shift between the Raman emission of the liquid and vapor phases was used to discriminate between liquid and gas phases. The overall magnitude of the Raman peaks in the spectral bands corresponding to the liquid and the gas are compared which meant that the average fractions of liquid and vapor in the spray could be determined. The Sauter mean diameter of the droplets was derived from the ratio of Raman scattering (roughly proportional to the droplet volume D 3 ) and Mie scattering (roughly proportional to droplet surface area D 2 ). Heinisch et al. (2009) investigated the evaporation of water droplets levitated in an electrodynamic trap where nitrogen was injected at different velocities. Here also, the OH stretching band was used to measure droplet temperature after a calibration. A noticeable improvement is the use of a ratio between the signals collected on two spectral windows, one located in the vicinity of the maximum of the OH stretching band and the other at higher frequency where the spectrum is the most sensitive to the temperature. The thermal dependence of this ratio is about 0.45°C/%, while the temporal resolution is on the order of 0.3 s and the overall accuracy ±4°C.
Stimulated Raman scattering spectroscopy
Stimulated Raman can be exploited to characterize the composition of multicomponent droplets, in particular ethanol-water droplets (Homer et al. 2009; Hopkins and Reid 2005; Hopkins et al. 2003; Howle et al. 2007; Reid et al. 2007 ). The technique is called cavity-enhanced Raman scattering (CERS) and was initiated by Hopkins et al. (2003) . It is also referred to as surface-enhanced Raman scattering (SERS) in the particular case of droplets. For some particular wavelengths, light waves called whispering gallery modes (WGMs) can be guided around a droplet almost perfectly by total optical internal reflection. As illustrated in Fig. 10 , light in WGMs is trapped in the close vicinity of the droplet surface. Amplification of light occurs in a WGM, as the droplet acts as a low-loss optical resonant micro-cavity. This noticeable feature is exploited in CERS to produce stimulated Raman scattering in a droplet at wavelengths of the Raman scattering emission that is commensurate with WGMs (Biswas et al. 1989; Lin et al. 1990; Reid et al. 2007 ). Furthermore, when incident Fig. 9 Typical Raman spectrum recorded in a spray inner region corresponds to the spray core. The outer region corresponds to the sprays edge. Reprinted from Müller et al. (2000b) laser light is also trapped within a WGM, double-resonance stimulated Raman scattering may occur. This phenomenon is characterized by very high gains in amplification. The obtained Raman spectrum has a structure which depends on droplet size and WGMs wavelengths. Therefore, it can be used to determine droplet size very accurately when recorded on a single droplet. However, to determine droplet composition, a spectrum composed of spectra recorded on hundreds of droplets which are naturally only slightly different in size is required to smooth the sizedependent resonances. Alternatively, the droplets can be gently modulated in size to obtain a smooth spectrum resulting from the summation of several single shot spectra which include characteristic spectral peaks, corresponding to individual droplets.
Cavity-enhanced Raman scattering (CERS) spectral bands exhibit considerable narrowing compared to bulk measurements due to the high gain at the wavelength of the maximum of the Raman band due to light amplification at particular wavelengths in WGMs. A noticeable feature of CERS is that signal is exponentially sensitive to the droplet composition under unsaturated conditions, i.e., when the signal remains proportional to the number of scatterers (4) ):
where I(CERS,k) is the CERS signal at wavelength k, S(k) is the spontaneous Raman scattering intensity at the same wavelength and g is the cavity gain factor (Hopkins et al. 2003 ). This gain is proportional to the molecular number concentration of scatterers and the intensity of incident light trapped into the WGM. The technique was successfully used in the study of ethanol-water droplets falling at ambient temperature and pressure in air by stimulating both CH and OH stretching bands for ethanol and water, respectively. The ratio between the integrated intensity of CERS signal coming from water and ethanol was found to decease by half, while the ethanol volume fraction decreased by only 0.6 % (Hopkins et al. 2003 ). This provided highly accurate composition measurements of the composition change (Fig. 11) . It should be noted that the sensitivity of this ratio also depends on the excitation wavelength of the laser.
More sophisticated experiments and analysis can be found in Hopkins and Reid (2005) . In this work, a train of monodisperse ethanol-water droplets (diameter range: 25-57 lm) was introduced into a dry nitrogen atmosphere at a pressure ranging from 7 to 77 kPa. The authors underline the fact that light trapped in WGMs only propagates in a depth of about r/m (r being the droplet radius and m the real part of the refractive index of the liquid) from the droplet surface. Consequently, the CERS signal only comes from a layer located near the droplet surface whose thickness do not scales with the diffusion length of ethanol. Consequently, the change in the composition measured by the technique in the outer layer of the droplet cannot be directly interpreted as the change in composition of the overall droplet and some additional corrections, based on modeling of transport phenomena within the droplet need to be implemented as suggested by Hopkins and Reid (2005) . and Homer et al. (2009) underlined that the CERS signal was more spatially confined than the penetration depth of the WGM; the resulting probed thickness of the CERS signal was found to be about 3 % of the droplet radius. This means that the timedependent change in the near droplet surface composition of an evaporating bicomponent droplet can be measured. A refined analysis of the chemical composition of acoustically levitated millimeter droplets by using CERS was Fig. 11 Example of calibration curve of the ethanol CERS signal as a function of composition. A is the integrated intensity on the spectral band (squares excitation at 532 nm, circles excitation at 355 nm). Reprinted from Hopkins et al. (2003) carried out by Tuckermann et al. (2009) . In this study, the CERS technique was applied to evaporating methanol droplets as well as droplets containing an aqueous solution of sodium ammonium sulfate (NH 4 ) 2 SO 4 solution which crystallizes during the droplet drying. The effect of ambient humidity on the evaporation of methanol droplets was investigated by monitoring the red-shift CO vibration band. As illustrated in Fig. 12 , the intensity of the C-O band decreases by a factor 5 and the red-shift neighbored 17 cm -1 as hydration of the droplets by water condensation occurs. Crystallization in salty droplets was monitored using the SO 4 2-band which is red-shifted in the crystalline phase compared to the aqueous phase. However, the interpretation of the Raman spectra presented in Fig. 13 (for both the aqueous saturated solutions and the crystalline phase) remains mainly qualitative.
In , the CERS technique was applied to near surface temperature measurements based on the shape of the OH stretching band. The measurements were only qualitative since a calibration of the CERS signal as a function of the temperature cannot be performed in bulk liquid. In this study, laser-induced fluorescence was also used to determine the volume-averaged temperature of the droplets doped with Rhodamine B.
Measurement techniques based on laser-induced fluorescence
Laser-induced fluorescence (LIF) is widely used for flow visualization and quantitative measurements. Applications in droplets are mainly related to temperature measurements and, to a lesser extent, to concentration measurements. The use of intensity ratios is almost unavoidable if signal disturbances that may originate from many influences are to be eliminated. If the appropriate intensity ratios are used to determine temperature, these almost totally cancel out the influence of the composition of the liquid.
As an alternative to these intensity-based methods, lifetime-based methods provide a direct access to an intrinsic parameter namely the fluorescence lifetime which is related to the quenching rate of the fluorescence and thus to the temperature and composition of the probed medium. Lifetime methods inherently do not require the same care as intensity-based methods to eliminate any signal disturbances not directly related to temperature or composition.
Fluorescence signal of a droplet
Fluorescence is a form of luminescence which results from the spontaneous emission of a photon by a molecule which has been excited to a quantum state of higher energy corresponding to a singlet state. The frequency of exciting light is different from the frequency of emitted light. In general, fluorescence emissions have a longer wavelength than the absorbed light. This phenomenon is due to energy loss between the time a photon is absorbed and when it is emitted. When the excited molecule returns to its ground state, many pathways can compete with fluorescence including collisional quenching, intersystem crossing, internal conversion, quenching by energy transfer and charge transfer reaction (Lakowicz 2006) . All of these relaxation mechanisms contribute to a quenching of the fluorescence emitted by the population of molecules. The fluorescence quantum yield / corresponds to the ratio of the total energy emitted per quantum of energy absorbed by the molecules: 
where Q 1 is the collisional quenching rate, Q 2 is the rate of non-radiative decay by any other processes than collisions and A is the fluorescence emission rate. Temperature is likely to modify significantly the different non-radiative decay processes. Fluorescence typically follows first-order kinetics. After an excitation by an ultrashort pulse of light, the fluorescence emitted by the population of molecules will decay with time according to:
where I f is the fluorescence signal intensity at time t, I f,0 is its initial value. The lifetime s is independent of the initial intensity of the emitted light which is advantageous for measurements. Similarly with the fluorescence quantum yield, the rate of the relaxation pathways modifies the excited state lifetime. The inverse of the lifetime is the sum of the rates for each decay pathway:
If light excitation lasts a lot longer than the fluorescence lifetime, fluorescence emission is the convolution of the exponential fluorescence decay in Eq. (7) and the temporal profile of the excitation light source. When the latter extends over a much longer period than the lifetime, the fluorescence signal I f at a wavelength k, probed by an optical system in a volume V c , i.e., the part of the droplet volume in the field of view of the detector, is given by Lavieille et al. (2001) :
where I 0 is the incident light flux (W/m 2 ), C is the concentration of the fluorescent molecules (mol/m 3 ) and e 0 (m 2 /mol) is the absorption coefficient at the wavelength of the illuminating laser. Equation (9) is valid if the incident light flux is sufficiently small to avoid nonlinear effects such as saturation or photobleaching. According to Lavieille et al. (2001) , an acceptable expression for the fluorescent signal emitted by a droplet is:
Equation (10) is also worthy of comment. The lens effect provided by the droplet interface is responsible for the focusing of the incident laser beam (Fig. 14) . Consequently, the distribution of the laser light flux is not uniform inside the droplet even if the laser beam is assumed to be a plane wave outside the droplet in Eq. (10). For the same reason, the detector cannot view the entire inner volume of the droplet and blind zones remain whatever the observation angle of the detector. The product CV c I 0 e 0 in Eq. (10) Reprinted from Maqua et al. (2007) binary mixture used as a fluorescent tracer (Fig. 14) . Equation (10) does not account for the effects of the absorption of the laser beam and the reabsorption of fluorescence itself across the absorbing medium. Absorption must be considered through the imaginary part of the refractive index and the Beer's law.
The Mie theory and geometrical optics were used to rigorously calculate the excitation field inside the droplet and the fluorescence signal emerging toward the detector (Castanet et al. 2005a; Domann and Hardalupas 2001; Domann et al. 2002; Frackowiak and Tropea 2010a, b; Zhang and Melton 1993) . In the case of a laser beam arbitrary shaped like a Gaussian beam, the Generalized Lorenz-Mie theories (Gouesbet and Gréhan 2011) can be used as an extension of the Mie theory. Geometrical optics was used in association with ray tracing to describe the propagation of light in terms of rays whose paths are governed by Snell's law and whose intensity changes at the interfaces are calculated according to the Fresnel coefficients (Frackowiak and Tropea 2010a) . Paraxial approximation and ray transfer matrix analysis have been also used to describe the internal excitation field (Lavieille et al. 2000) . Among all the calculations, there is general agreement on the fact that the fluorescence signal from a droplet is not proportional to the droplet volume (Domann et al. 2002; Frackowiak and Tropea 2010a ). Due to the lens effect induced by the droplet surface and the absorption losses, the excitation field of fluorescence is not uniform within the droplet which means fluorescence is emitted by different points with different probabilities of reaching the detector. This results in an uneven weighting of the quantities measured by LIF, meaning that LIF measurements rarely correspond to the arithmetic volume average.
Furthermore, when a droplet crosses the laser beam and the detection volume, the fluorescence signal varies with time. The shape and amplitude of the signal depend on many parameters including the size of the droplet relative to the diameter of the laser beam, the angular position and solid angle of the detection system, the droplet trajectory (if the droplet is off-center relatively to the laser beam and the focal point of the detection optics) and the real and imaginary parts of the refractive index. Some of these dependences are illustrated in Fig. 15 from the work of Frackowiak and Tropea (2010a) . Figure 15 clearly shows that intensitybased measurements may be subject to many disturbances and for this reason almost all the measurement techniques based on LIF used in droplets are based either on intensity ratios or on the fluorescent lifetime. The same applies to techniques based on laser-induced phosphorescence.
Composition measurements based on the fluorescence intensity
From a general point of view, the intensity of the fluorescence signal has been used to measure the concentration of fluorescent molecules (seeded or naturally present) in many liquid flows (Crimaldi 2008; Lemoine et al. 1996; Walker 1987) . Adapting these methods to droplets are particularly challenging because it requires measuring absolute intensities rather than relative intensities. The fluorescence signal of droplets is a complex function of many parameters which may be difficult to control when attempting to reproduce such measurements. This certainly explains why few papers have dealt with LIF applications for concentration measurements in droplets. Shringi et al. (2009) visualized the fluorescence emitted by acetone inside individual droplets composed of Fig. 15 Variation of the fluorescence intensity of a droplet traversing a focused laser beam a influence of the detector position, b influence of the droplet diameter. Reprinted from Frackowiak and Tropea (2010a) methanol or 1-propanol initially mixed with acetone. They exploited the fact that acetone absorbs UV light and emits fluorescence partially in the visible spectrum, whereas alcohols like methanol or propanol do not fluoresce. Droplets supported by a wire were illuminated by a pulsed laser at 308 nm. Significant decreases in fluorescence intensities were observed as the droplets evaporated in a flame or in quiescent air at room temperature. Even if the images show many interesting features indicating the presence of internal convection, results remain qualitative since the measured intensities were not converted into acetone fractions. Maqua et al. (2007) characterized the acetone fraction in droplets composed of binary mixtures made of ethanol and acetone droplets. Measurements were performed on monodisperse droplet. The pulses of a Nd:Yag laser quadrupled in frequency (k = 266 nm) were synchronized on the droplet transit in the laser beam so that the CCD camera could take images of the droplets when they were perfectly centered in the probe volume. Results show a significant effect of the absorption by acetone on the energy distribution inside the droplet (Fig. 14a) . Assuming the concentration within the droplet to be uniform, Maqua et al. (2007) developed an inverse model based on ray tracing (Fig. 14b) to estimate the volume fraction of acetone, taking into account the strong absorption by acetone which modifies the incident excitation field. The method was demonstrated to be quantitative for moderate acetone fraction (typically below 20 %). As the fraction of acetone increased, fluorescence emission was found to come from a thin region near the droplet surface. The strong absorption by acetone in this optically thick droplet is responsible for the saturation of the volume integrated signal, meaning a loss in sensitivity for the measurements (Fig. 16 ).
Two-color Laser-induced fluorescence (2cLIF) thermometry
Some organic dyes used in dye lasers like rhodamine B or sulforhodamine B combine relatively high fluorescence yields with strong temperature dependences of their fluorescent emissions (Coppeta and Rogers 1998) and therefore have been widely used for measuring the temperature in many kinds of liquid flows (Kim et al. 2003; Lemoine et al. 1999; Adrian 1999, 2004) . A small amount of these dyes, typically a few lg/L, is sufficient to generate a signal which can be used for measurement. In contrast to the fluorescent dopants used in laser-induced exciplex fluorescence thermometry, the dye molecules are usually only very slightly affected by quenching by oxygen and some of them resist relatively well to photobleaching. For further discussion, the signal intensity in Eq. (10) can be rewritten in a form where the temperature T appears explicitly (Lavieille et al. 2001) :
and where b(k) represents the spectral sensitivity to temperature. Parameters K opt (k), K spec (k) and b(k) are not affected by a variation of the temperature. For some temperature-sensitive dyes (rhodamine B, sulforhodamine B, Pyromethene 597-8C9 or fluorescein FL27, etc.), a marked difference in the values of b(k) may exist between different spectral regions. This is illustrated in Fig. 17 for rhodamine B dissolved in ethanol. In this figure, values of b are significantly lower in the yellow-green region of the fluorescence spectrum than in the red edge spectral region. Based on experimental measurements, Lavieille et al. (2004) suggested the following expression for the fluorescence intensity I f,i detected over a specific spectral band noted i: 
A i and B i are specific to a given combination of dye, solvent, excitation and detection wavelengths. Lavieille et al. (2000) succeeded in using a single band of detection to measure the temperature of ethanol droplets flowing in air at room temperature. Measurements were made possible by the restrictive conditions in which the experiments were conducted. The droplet stream consisted of a line of monosized and periodically spaced droplets. The position of the droplets inside the probe volume could be adjusted in a very reproducible manner and maintained identical for all measurements. This means that any variations in signal intensity between different measurements could be attributed exclusively to the effect of temperature, i.e., f (T) in Eq. (12). As already mentioned, the product I 0 C V c in Eq. (12) may be affected by various factors and changes when the droplet crosses the measurement volume formed by the intersection between the laser beam and the detection solid angle. The most common methods of eliminating the problem are based on intensity ratios in which one or two different dyes are utilized but a few alternatives to these ratiometric approaches do exist. For example, exploited the fact that the fluorescence spectrum of rhodamine B increases in width with the temperature when normalized by its maximum. Temperature is derived from the measurement of the width of the fluorescence spectrum at a quarter of its maximum intensity. This method based on the shape of the fluorescence spectrum was used to characterize the temperature of a train of alcohol/water droplets evaporating at a low ambient pressure.
Two-color two-dye laser-induced fluorescence methods
This method was pioneered in single-phase liquid flows by Coppeta and Rogers (1998) and substancially improved by Sakakibara and Adrian (1999) . Two fluorescent dyes A and B with emission spectra which differed enough to permit the separation of their emissions by optical means were mixed with the liquid solvent. In the ideal case where the optical separation is perfect (i.e. no fraction of the light emitted by A is coming into the detection band for the light emitted by B and reciprocally), the ratio R of the fluorescence intensities detected from each dye can be written as followed:
To accurately measure temperature, Eq. (13) shows that the dyes need to have fluorescence emissions with very different temperature sensitivities, while the ratio of their concentrations C A /C B should be kept constant and uniform in the flow. This latter requirement is not difficult to fulfill in droplet flows since organic dyes are heavy molecules which remain in liquids during the droplet evaporation. Coppeta and Rogers (1998) were the first to apply this approach for temperature and also for pH measurements. They pointed out the effects of spectral conflicts which arise from an overlap between absorption and emission bands. Adrian (1999, 2004) carried out measurements with a similar approach in the field of thermal convection and studied the case where the separation of the fluorescence spectra is not perfect. Other examples can be found in literature in this field (Kim et al. 2003; Shafii et al. 2009; Sutton et al. 2008) . To the best of our knowledge, the two-color two-dye approach was never considered for measuring the temperature of droplets even if there is no real restriction for that.
Two-color single-dye laser-induced fluorescence methods
As mentioned above, for many organic dyes, the fluorescence spectrum has been observed to not be uniformly affected by temperature (Fig. 17) . This phenomenon remains currently mostly unexplained but does have some similarities with the blue shift and spectral deformations observed by Bai and Melton (1997) . As suggested by these authors, one explanation could be that higher vibrational levels of the excited electronic state are populated when the temperature increases. The blue edge region of the fluorescence spectrum would then be enhanced because of the higher energy gap between the excited state and the ground state. According to Eq. (12), the ratio R 12 (T) of the intensities of spectral bands 1 and 2 is given by:
In this expression, K opt,i and K spec,i depend on the arrangement of the detection system and the nature of the solvent. To accurately measure the temperature, spectral bands need to be selected so that the differences between coefficients A 1 and A 2 , B 1 and B 2 are as great as possible. A reference measurement at a known temperature T 0 is necessary to eliminate the influence of system constants. Denoting R 0 the fluorescence ratio obtained in the reference measurement, Eq. (14) can be rewritten:
In this equation, coefficients A and B are first determined by means of a calibration performed in a temperaturecontrolled test cell for example. The liquid temperature is then obtained by solving Eq. (15).
The first demonstration of the ratiometric method described by Eq. (15) was carried out by Lavieille et al. (2001) who studied the evaporation and the combustion of ethanol droplets. Since this pioneering work, the technique has been improved considerably for application in many different situations. Figure 18 shows a typical optical system used for point wise measurements. The excitation volume of the fluorescence can be created by one laser beam or by two crossing laser beams like in the 1-D LDV optical device featured in this diagram. This configuration offers the possibility of measuring the droplet temperature and velocity simultaneously. A fiber-coupled achromatic doublet allows the fluorescence emission to be collected preferentially at right angle. The optical signal traverses a holographic filter that blocks the laser light scattered by the droplets. The remaining fluorescence is then divided into two parts by a beamsplitter and optical filters which enable the fluorescence signal in the two spectral bands of interest to be separated. Finally, two photomultiplier tubes equipped with rapid pre-amplifiers detect the fluorescence photons. Another alternative to the forward scatter detection system shown in Fig. 18 is to use a single-probe backscatter configuration in combination with LDV measurements (Lavieille et al. 2000) . Based on the optical setup in Fig. 18 , signal processing can be performed in different ways depending on the resolution aimed at achieving.
Spatially averaged droplet temperature measurements: If global information is of interest, laser beams larger than the droplet size can be used to illuminate approximately the whole droplet volume. The signal intensity of each spectral band can be also averaged over the time corresponding to the transit of several droplets in the probe volume. As explained above, the average temperature resulting from this process may differ significantly from the arithmetic average mainly because of the non-uniform distribution of the fluorescence excitation field within the droplets. In general, the differences with the arithmetic volume average are greater with stronger thermal gradients and are located near the droplet surface. However, since the temperature distribution is unknown a priori, these differences remain difficult to quantify in practice. To obtain a comparison with experiments, averaging by optics can be applied to theoretical temperature fields obtained by modeling the droplet heating and evaporation . Spatially averaged measurements were mainly applied to study lines of monosized and periodically spaced droplets. The droplet temperature was characterized for many liquids in situations including droplet heating in flames (Castanet et al. 2005b, c; Lavieille et al. 2001) , droplet heating in a hot air stream Deprédurand et al. 2010) , droplet heating in the thermal boundary layer of a hot wall (Castanet et al. 2002) , droplet heating when colliding with a hot wall (Castanet et al. 2009 ) and droplet cooling in ambient air (Lavieille et al. 2000 . The same method was used to measure the liquid temperature in a spray of decane droplets convected in an overheated turbulent gas flow (Depredurand et al. 2011 ) and in a high-pressure diesel spray ). In the latter study, the signal acquisition was triggered on the injection cycle to enable phase-locked monitoring of the liquid phase temperature. Temperature maps of the spray resulting from these measurements reveal how the droplet temperature is related to the injection pressure due to the friction forces inside the injector.
Imaging systems: An extension to imaging of the singledye two-color LIF thermometry was covered in several λ Fig. 18 Two-color laserinduced fluorescence optical system. Reprinted from Depredurand et al. (2011) publications. Bruchhausen et al. (2004) were the first to adapt the single-dye ratiometric approach using two cameras mounted behind a beam splitter to obtain two images of the same view at different wavelengths, in the case of an overheated turbulent jet. However, these measurements did not concern droplets but heat convection in a turbulent liquid jet. Previously, similar optical arrangements had also been used in relation with the already described two-dyes two-color LIF approach (Kim et al. 2003; Sakakibara and Adrian 1999) . Regarding droplets and sprays, Duwel et al. (2007) reported temperature measurements of burning ethanol droplets seeded by rhodamine B. In this work, two intensified CCD cameras were positioned on both sides of a spray burner. Because of the camera's large field of view, pixel-by-pixel correspondence between the two cameras does not seem to have been a critical issue in this study. Recently, Vetrano et al. (2012) presented an application of 2cPLIF thermometry to characterize the temperature variations of ethanol droplets produced by flash-boiling atomization. PLIF was also used by Dunand et al. (2012 Dunand et al. ( , 2013 to characterize the temperature of droplets impinging onto a wall heated above the Leidenfrost temperature. As 2cLIF techniques are insensitive to the shape of the liquid volume in principle, they are particularly well adapted to handle this complex situation where droplets can be strongly deformed. In the work of Dunand et al. (2012) , temperature measurements within streams of monosized droplets were achieved at a very small spatial scale using a long distance microscope. One difficulty pointed out by the authors was the sensitivity to the pixel-to-pixel correspondence of the images of the two cameras. Image correspondence needs to be optimized at a sub-pixel level before calculating the intensity ratio to avoid artifacts. Figure 19 shows an example of temperature measurement achieved in the case of splashing. As we can see in Fig. 19a , water drops coming from the right broke up into very fine droplets and a significant increase in the liquid's temperature was observed at the drop impact (Fig. 19c) .
Local temperature measurements within droplets: The measurement system presented in Fig. 18 can be also modified in order to obtain the temperature distribution inside the droplet (Castanet et al. 2003b (Castanet et al. , 2005a (Castanet et al. , 2011a . This is only possible in the case of monodisperse droplet streams as a result of the large number of droplets that can be sampled and their high reproducibility. In this setup, optics needs to be selected in order to create a probe volume much smaller than the droplet volume, while the sampling period of the fluorescence signal is fixed at a very small value compared to the transit time of the droplets through the measurement volume. When a droplet crosses the laser beams, different zones of the droplet interior are successively illuminated. The intensity ratio and thus the temperature are calculated at each location. The injector is shifted several times by a few microns and the droplets are scanned again at a further position. The superimposition of the scan profiles allows reconstructing the internal temperature provided a perfect periodicity of droplets in the stream. This reconstruction should account for the lens effect at the droplet interface. The internal excitation field is calculated using either geometrical optics or Generalized Lorentz-Mie Theory (GLMT). An example of temperature maps is presented in Fig. 20 . In this example, the lens effect at the droplet interface was corrected using geometrical optics. The outskirt of the droplet remains mostly blank which reflects the lower contribution of this region to the signal due to the lens effect. Similar results were also obtained with the use of GLMT (Castanet et al. 2005a ). The method described above was used to investigate the heating of droplets of about 200 lm in diameter, i.e., about 10 times the dimensions of the measurement volume. Internal convection was identified as a key element which explains the temperature distribution obtained in these Reprinted from Dunand et al. (2013) measurements. An internal circulation pattern similar to a Hill's spherical vortex is assumed to be responsible for a stronger heating of the trailing edge than the leading edge.
Comparisons between measurements and numerical simulations have shown how the magnitude of the velocity in the internal flow depends on gas friction, the distance between the droplets and the Marangoni effect (Castanet et al. 2011a, b) . Temperature measurements of multicomponent droplets: Probing the temperature of multicomponent droplets with 2cLIF thermometry requires special care, and the selection of an appropriate fluorescent dye is of great importance. The possibility with different liquids without changing the spectral bands of detection should be also considered. The chemical environment, i.e., mainly the solvent composition, alters the spectroscopic properties of the dye and particularly modifies collisional quenching energy redistribution in the excited state and therefore also some parameters involved in the expression of the fluorescence signal such as K spec or temperature sensitivity coefficients A and B in Eq. (12). For example, the fluorescence of rhodamine B or sulforhodamine B varies significantly according to the solvent composition which limits their usefulness for the study of multicomponent droplets. The composition of multicomponent droplets may change considerably during an experiment due to the differential vaporization of the liquid components. Maqua et al. (2006) used rhodamine B to measure the temperature of ethanol/ acetone droplets. To deal with composition changes, they added a third band of detection to the optical setup presented in Fig. 18 . This third band enabled the calculation of a second fluorescence intensity ratio whose sensitivity to temperature and composition differed from the first ratio.
Although the method can theoretically be used to determine both temperature and liquid composition, it proved to be poorly sensitive to composition and to require considerable effort for it to be calibrated for both temperature and composition. Furthermore, it seems difficult to adopt the same method to deal with mixtures containing more than two species. More recently, Depredurand et al. (2008) demonstrated that the emission of pyrromethene 597-C8 is almost unchanged when dissolved in many different liquids such as alcohols, ketones and alkanes and their mixtures. These authors exploited this behavior to measure the temperature of several mixtures including ethanol/3-pentanone, decane/3-pentanone (Depredurand et al. 2008 , Sazhin et al. 2011 . Although pyrromethene 597-C8 is weakly soluble in aqueous solutions, its use may allow to generalize the two-color LIF approach to complex mixtures containing a large set of chemical species.
Temperature measurements in sprays: Several studies have more specifically addressed the implementation of the 2cLIF technique in sprays (Bruchhausen et al. 2006; Depredurand et al. 2011; Labergue et al. 2010 Labergue et al. , 2012a Wolff et al. 2007 ). These studies describe how the 2cLIF technique, initially used and validated in the case of single calibrated droplets, should be modified for reliable measurements in sprays. Although the droplet size is normally canceled out in the intensity ratio (Eq. 14), a residual influence of the droplet size on the intensity ratio was pointed out by Labergue et al. (2010) . In relation with this effect, they also noticed that the fluorescence spectrum was modified in the blue edge region (Fig. 21) . The deviation from the fluorescence spectrum emitted by the same molecules dispersed in a cell is all the more important than the droplets are small. The origin of this effect is still unclear ε ε ε ε°F ig. 20 Comparison between theoretical and experimental temperature maps (case of an n-decane droplet D = 190 lm, V = 6.7 m/s, inter-droplet distance = 2.7D, temperatures are in°C, time in ms, horizontal and vertical scales are in microns). Reprinted from Castanet et al. (2011b) even if potential explanations were provided in Labergue et al. (2010) . Similar size-dependent variations of the intensity ratio were also reported with different dyes dissolved in different liquid solvents (Depredurand et al. 2011; Dunand et al. 2012) . Depredurand et al. (2011) showed that the size effect is drastically reduced when the dye concentration is increased. A high concentration in dye was also used by Wolff et al. (2007) to perform measurements in high-pressure diesel sprays. However, in this work, high concentrations in dye were initially a mean of suppressing MDRs clearly visible both in the red and blue edges of the emission spectrum from droplets seeded with pyrromethene 597-C8. An intrinsic correction for the size effect, i.e., one that does not require prior knowledge of the droplet size, was proposed by Labergue et al. (2010) . It consists of the addition of a third spectral band of detection which is particularly sensitive to the spectral influence of the droplet size.
In dense sprays, scattering of the laser light by the droplets may be strong enough that droplets situated far from the focal plan of the detection system can be illuminated and can contribute to the global fluorescence signal. This was identified as a potential source of error in addition to the afore-mentioned spectral effect of the droplet size (Labergue et al. 2012a ). The problem can be partially overcome by using detection optics with a very small depth of field like long distance microscopes (Labergue et al. 2012a, b) . Recently, measurements of droplet temperature per class of droplet size were reported by Depredurand et al. (2011) . This was made possible by combining two or three-color LIF and phase Doppler analysis (PDA). For that purpose, the acquisitions of PDA and LIF signal were synchronized on the same time base. The combined PDA/LIF technique was demonstrated by Depredurand et al. (2011) on a spray of n-decane injected at ambient temperature in an overheated turbulent air flow. Joint measurements of the droplet size, velocity and temperature allowed the researchers to quantify the effect of the stokes number based on the integral turbulence length scale on the droplets heating. As illustrated in Fig. 22 , as the smallest droplets have low stokes numbers and are transported by the turbulent structures, they have higher heating rates than bigger droplets. Labergue et al. (2012b) also used combined 3cLIF/PDA measurements to study the mixing of two sprays injected at different temperatures.
Techniques based on the fluorescence lifetime
The molecular fluorescence lifetime is an intrinsic characteristic of fluorescent species which is only affected by their chemical environment. Its measurement can be used to obtain environmental information with fewer precautions than in the case of time-integrated fluorescence intensities measurements which are dependent on experimental factors such as excitation intensity and optical collection efficiency. Recently, the potential of this kind of approach has been demonstrated in micro-fluidics (Casadevall i Solvas et al. 2010 Zeng et al. 2011) . These studies concern the mixing of reagents in droplets immersed in a second immiscible liquid but could certainly be transposed to other situations including droplets flowing into an external gas. Monosized water-in-oil droplets are generated at frequencies of about 1 kHz from two aqueous solutions flowing in parallel into a T-junction against an oil phase flow (Fig. 23) . To make use of the fluorescence, two different fluorescent dyes are introduced in the solutions. Their lifetime should be different enough to separate their signals in the time domain. The fluorescence decay of the mixture takes on a biexponential form. In order to extract fluorescence lifetime, a timecorrelated single-photon counting (TCSPC) methodology (2011) combined with confocal microscopy is carried out to record fluorescence data in the time domain. Femtosecond or picosecond pulse lasers operating at several MHz are used to provide single or two-photon excitation. The objective lens of the confocal microscope brings the laser light to a tight focus to probe volumes down to a few picoliters. The droplets are scanned line-by-line by moving the focal point a few microns across the channel. The periodically generated droplets are identical, which means cross-sectional images of the droplets can be built by aligning the scanning lines across the channel. Figure 23 shows an example of average lifetime map which clearly reveals the mixing generated by circulations within droplets.
Post-processing of the data may be complex, especially statistical analysis. Data first need to be deconvoluted with the instrument response function of the detector (IRF). Casadevall i Solvas et al. (2010) used a maximum likelihood estimator to determine the average lifetime of the mixture also related to the fraction of each component. To maintain the data within the limits of an acceptable error when aiming to reduce the time resolution, they found it necessary to increase the number of analyzed droplets in proportion to maintain the same cumulative count in all channels. By adding up photons from thousands of droplets (which requires several minutes), they demonstrated that images of fluorescence lifetime within micro-droplets could be constructed with a time resolution of 1 ls which in fact reveals the spatial resolution. In the work of Zeng et al. (2011) , a purposed made method was developed to accurately calculate the mixing ratios.
Obviously, other information than composition can be extracted from lifetime measurements. Significant thermal dependences of the lifetime was reported for many substances, including organic dyes and thermographic phosphors (Allison and Gillies 1997) . Some studies also demonstrated that the fluorescence lifetime can be used to measure pH and viscosity (Blatt et al. 1981; Lakowicz and Szmacinski 1993) . Other techniques than the afore-mentioned TCSPC can be used to determine the fluorescence lifetime working with either the time domain or the frequency domain. Time-correlated single-photon counting (TCSPC) is usually used because variations in source intensity and photoelectron amplitudes can be ignored. Furthermore, the time resolution can be reduced down to a few ps. Also in the time domain, gating methods can be considered but with a more limited temporal resolution. Implementation can involve gated integrators and boxcar averagers or a delay generator controlling a gated optical intensifier (GOI) placed in front of a CCD detector which acts both as a very fast shutter and an intensifier to amplify the light signal. A few examples of such applications of time-gated CCD cameras are mentioned in the section concerning thermographic phosphors. In the frequency domain, the sample is excited by a modulated source of light. The fluorescence emitted by the sample has a similar waveform but is modulated and phase-shifted from the excitation curve.
Laser-induced exciplex fluorescence (LIEF)
Laser-induced exciplex fluorescence (LIEF) is a particular case of LIF. The photophysics behind LIEF and its applicability for probing droplet temperature are summarized in the following. One of the additives, called the monomer M, absorbs light from a laser source to form the first excited singlet state M*:
The interaction of M* and an appropriately chosen ground state molecule G (initially added with M in the liquid) leads to the formation of the exciplex E* (excited state complex also called an excimer in the special case where G = M) following the reversible reaction:
The exciplex formation can only take place if the monomer in its excited state M* finds a reaction partner G within the short lifetime of its excited state (typically only a few nanoseconds). No binding is possible if the monomer is in the ground state. Given that the frequency of molecular collisions is higher in a liquid than in a gas, the probability of forming an exciplex is only significant in the liquid. Another key feature for practical applications relates to the fact that the fluorescence emission of exciplex complexes is red-shifted compared to the monomer due to the binding energy in the exciplex with respect to separated M* and G. This behavior is illustrated in Fig. 24 for the system naphthalene (N)/tetramethyl-pphenylenediamine (TMPD), in which the monomer TMPD* has an emission centered around 400 nm and the exciplex E* at about 500 nm (Murray and Melton 1985) .
As a result of the red-shifted exciplex emission, the fluorescence emissions of the monomer and the exciplex can easily be separated with adapted bandpass filters. In many applications of LIEF to droplet measurements, this feature is used to discriminate between the liquid and gaseous phases. Ultimately this has been exploited for quantifying the amount of liquid still present in evaporating sprays (Desantes et al. 2005; Fansler et al. 2009; Felton et al. 1993; Fujimoto et al. 2002; Ghandhi et al. 1994) . In works dealing with vapor/liquid visualization, an excess of the ground state partner G is usually introduced to suppress the monomer in the liquid in favor of the exciplex (Melton 1983) . The fluorescence emitted by the droplets is thus predominantly from the exciplex E*, while the fluorescence from the vapor phase is almost exclusively from the monomer M*. Particular issues for the optical separation are the temperature dependence of the formation of the exciplex and the possibility of remaining monomers in the liquid. While these problems need to be suppressed for quantitative liquid/vapor visualization, they are actually an advantage for probing the temperature in the droplets. The derived technique called exciplex fluorescence thermometry (EFT) was first demonstrated by Murray and Melton (1985) .
The chemical equilibrium described by Eq. (17) is sensitive to the temperature with its equilibrium constant being about proportional to exp(-DG/RT), while DG is the binding free energy with respect to separated M* and G. Increasing the temperature shifts the equilibrium toward the monomer M*.On this basis, the ratio of the exciplex emission intensity I E and the monomer emission intensity I M (equivalent to the ratio of the concentrations [E*]/[M*]) are expected to decrease with temperature. This can be easily verified in Fig. 24 for the 1.0 %N/2.5 %TMPD/ Hexadecane system between 140 and 265°C (but the change is quite modest between 25 and 140°C). In the EFT technique, the liquid temperature is derived from the measurement of the intensity ratio I E /I M . As this technique is based on relative intensities like the 2cLIF thermometry, it is not affected by experimental factors such as laser intensity or the droplet position in the probe volume. Like 2cLIF thermometry, a calibration is required to infer the temperature from the intensity ratio although calibration curves can have a more complex appearance than one would expect from the previous description. The evolution of the intensity ratio with the temperature may not be monotonic in the temperature range of interest as illustrated in Fig. 25 for the 1.0 %N/2.5 %TMPD/n-decane system.
In fact, the binding reaction described in Eq. (17) can only be treated as a chemical equilibrium at sufficiently high temperatures. At low temperatures, the exciplex's rate of formation may not be fast enough for the equilibrium to be obtained within the lifetime of M* resulting in a more reduced exciplex production and emission. The nonmonotonous shape of the calibration curve has several drawbacks. The technique suffers from a loss of sensitivity in the temperature region where the sign of the slope of the calibration curve changes. It also creates an ambiguity in converting the intensity ratio into temperature. The errors resulting from these adverse effects were quantified by Zhang and Melton (1993) for the experiments conducted by Hanlon and Melton (1992) .
The dependence of the intensity ratio on the concentration of the dopant is a particular issue for measurements.
λ Fig. 24 Influence of the temperature on the fluorescence emission of the 1.0 %N/ 2.5 %TMPD/Hexadecane excited at 308 nm. Reprinted from Murray and Melton (1985) Increasing the concentration in G will shift the equilibrium toward E*. However, in an evaporating droplet, the concentration of the additive may significantly change which is likely to modify the position of the chemical equilibrium in Eq. (17) and the calibration curve obtained at a fixed composition will no longer be appropriate. Wells and Melton (1990) only partially avoided the problem by using a particular case, wherein the ground state partner G and the monomer M were the same molecule namely pyrene. However, since pyrene evaporates at a lower rate than the decane in which it was dissolved, the increase in pyrene concentration was suspected to have resulted in erroneous measurements. To assess the validity of their measurements, Wells and Melton (1990) had to at least verify that the droplets were undergoing minimal changes in size at the highest ambient temperatures. Drop sizing was also used for verification by Escobar et al. (2001) in their temperature measurement of ethanol droplets using pyrene as dopant. In this study, changes in pyrene concentration could be ignored essentially because measurements were performed at very short distances downstream of the injection.
Concentration would not be an issue if tracers almost coevaporate with the liquid fuel. Wells and Melton (1990) used fluorobenzene/DEMA in n-hexane solution as it is one of the few examples of a mixture with a known co-evaporation of all the components. Gossage and Melton (1987) succeeded in finding a concentration-independent thermometric dopant 1,3-bis(1 0 -pyrenyl) propane (PYPYP) seeded in hexadecane. PYPYP was used for probing the temperature of droplets heated in a high temperature chamber either dissolved in hexadecane (Hanlon and Melton 1992) or in decane (Lu and Melton 2000) . Also in the work of Hanlon and Melton (1992) , the risk of concentration change due to evaporation was very limited because the droplets were made of hexadecane which has a high boiling temperature.
Additives usually accounts for several percent in the EFT method which can potentially affect the evaporation and the heating of the droplets. In the work of Wells and Melton (1990) , the absorption by pyrene was so strong that the light excitation was limited to the outskirts of the droplets and thus the temperature determined was more like a surface temperature than a volume average temperature. The other interest of the above-mentioned intramolecular exiplex PYPYP was that the dopant can be used at much lower concentrations than those required generally for intermolecular systems (only a few ppm of the droplet volume). In return, optical thickness effects due to bulk absorption could be eliminated (Gossage and Melton 1987) . This meant Lu and Melton (2000) could characterize the temperature field within a 500-lm-size decane droplet using an imaging method. Megahed (1993a, b) used the same dopant to obtain two-dimensional temperature maps of hexadecane sprays injected in the temperature and pressure conditions of a diesel engine.
It should be noted that the previously described applications were all performed in pure nitrogen to avoid the quenching by oxygen. It is recommended to bubble nitrogen through the liquid or to degas the liquid (Escobar et al. 2001; Hanlon and Melton 1992; Lu and Melton 2000) . The effects of oxygen on the fluorescence of both exciplex and monomer have been investigated in many studies (Kadota et al. 1991; Megahed 1993a; Wells and Melton 1990) which all show that the intensity ratio I E /I M is drastically reduced in presence of oxygen, implying that the exciplex exhibits greater quenching by the oxygen than the monomer (Fig. 25) . Winter and Melton (1990) used the quenching of naphthalene by oxygen to study the internal circulation within decane droplets. They carried out imaging experiments in which a thin laser sheet was moved a certain distance from the droplet center. Regions rich in oxygen appear as dark zones in their images. Quantitative information about the oxygen distribution could be obtained by normalizing the images taken in presence of oxygen against images of identical droplets recorded in pure nitrogen (Fig. 26) .
Because of strong quenching by oxygen, EFT has not been applied to combustion except in the study of Matsumoto et al. (1999) who characterized the temperature of individual fuel droplets burning under microgravity in a drop shaft. However, the reliability of their measurements can be questioned-the change in dopant concentration during the droplet evaporation caused by quenching by oxygen should have been more thoroughly investigated. Fig. 25 Variation of the intensity ratio I E /I M with the temperature for the 1.0 %N/2.5 %TMPD/n-decane system. Reprinted from Kadota et al. (1991) 4 Alternative measurement techniques
Morphology-dependent resonances
Morphology-dependent resonances (MDRs) were used for measuring droplet sizes and evaporation rates as small as 10 -4 cm 2 /s in continuous droplet streams (Chen et al. 1993; Swindal et al. 1996) . In these measurements, the droplets were rather small, typically of around 25 lm. The use of MDRs to probe the temperature of single droplets is less common but has been reported in literature in this field Mazumder et al. 1995a, b) . The droplets were seeded by a thermochromic absorber and a lasing dye. The thermochromic absorber was CoCl 2 ÁH 2 O dissolved in droplets made of isopropanol (85 %) and water (15 %). The thermochromism, corresponding to a change in the color with temperature, was found to be a consequence of a temperature-dependent configurational change of Co 2? complexes in the presence of Cl -ions. The absorption of the thermochromic additive is sensitive to temperature, i.e., when the temperature increases, the absorption around 670 nm also increases. The lasing dye added to the solution was rhodamine B (c = 5.10 -4 mol/L). A droplet acts as an optical micro-cavity for some specific fluorescence wavelengths located in the tail of the fluorescence spectrum and lasing can occur for designated wavelengths located in this spectral region. For lasing to occur in a droplet, the gain must compensate the total losses which include leakage loss, self-absorption by rhodamine B and absorption by the thermochromic additive. The leakage losses were very small for the specific wavelengths corresponding to MDRs in the droplet. The optimum lasing wavelength was about 635 nm for rhodamine B at 20°C.
A noticeable feature for the measurements was the blue shift of the lasing spectrum of the dye with the droplet temperature (Fig. 27 ). This phenomenon was due to increased absorption by the thermochromic absorbers when the droplet temperature increased. Absorption by the thermochromic additive must be compensated by a higher gain of the stimulated emission process. Consequently, the optimum lasing wavelengths were shifted to the blue. The droplet temperature can be inferred from the position of the lasing lines in the spectrum. In practical terms, droplets were illuminated by a pulsed Nd:YAG laser at 532 nm. Spectra of rhodamine B were recorded at a 90°angle by an imaging-spectrograph CCD system. An initial calibration of the position of the lasing lines in the spectrum as a function of temperature was necessary for a given droplet size.
Thermographic phosphors
Phosphors are solid materials which emit light when exposed to radiation. There are hundreds of different phosphors, each with its own luminescence properties (emission spectrum, characteristic emission time, etc.). Phosphors can be both organic and inorganic but those known to have an application in thermometry are mostly inorganic. Inorganic phosphors are made of a host material (such as a metallic oxide,…) doped with a small amount of an activator, mostly a rare earth compound. This activator forms luminescent centers where the excitation-emission process of the phosphor takes place. The thermal dependence certain phosphors' luminescence was exploited for many years, especially to remotely probe the surface temperature of wall, because they provide a non-contact, emissivity-independent, optical alternative to standard temperature sensors (Allison and Gillies 1997) . Their ability to tolerate harsh conditions is another advantage. In ( ) ( ) Fig. 26 Temporal evolution of the temperature of hexadecane droplet heating when falling into a hot tube. Measurement from Hanlon and Melton (1992) and comparison with simulation taken or not into account the error introduced by optical weighting (nonuniform excitation and absorption). Reprinted from Zhang and Melton (1993) Fig. 27 Lasing spectra from droplets (diameter 70 lm) made of 85 % isopropanol and 15 % water seeded with 5.10 -4 mol/L rhodamine B and CoCl 2 ÁH 2 O for different temperatures. Reprinted from Mazumder et al. (1995b) combustion engines, appropriate inorganic phosphors can operate at temperatures up to 2,000 K and it is also commonly accepted that their luminescence properties are almost independent of pressure (Aldén et al. 2011) . Thermographic phosphors are usually in the form of a fine powder (typically ranging from 1 to 10 lm). In measurements of wall surface temperature, a phosphor coating is applied to the surface of interest while in droplet applications, phosphor particles are simply dispersed into the liquid prior to its injection. In some cases, a surfactant is added to avoid the particles to agglomerate within the droplets or prior to the injection (Omrane et al. 2004c) . As with LIF thermometry, two main approaches can be employed to infer the temperature from the light emission of thermographic phosphors: lifetime methods and two-line (or two-color) methods based on the intensity ratio of two or more emission bands. It should be noted that the emission spectrum of phosphors usually consists of several bands, sometimes with several discrete lines. In practice, lifetime measurements are mainly utilized with phosphors having time decays in the order of ls-ms. These relatively long lifetimes permit the use of conventional photomultiplier tubes and fast-gated cameras to capture the decay.
The first studies to demonstrate the ability of thermographic phosphors to measure the temperature of individual droplets were presented by Omrane et al. (2004a, b, c) . In the study of Omrane et al. (2004a) , measurements are performed on water droplets on the order of one millimeter in diameter falling from a heated tank into air at room temperature. Both lifetime and two-line methods were applied using, respectively, La 2 O 2 S:Eu and Mg 4 FGeO 6 :Mn. Relatively high temperature sensitivities are reported for both methods but for the highest accuracy, it was shown that the temporal method should be preferred, as the time decay of some thermographic phosphors like La 2 O 2 S:Eu can undergo marked variations over a specific range of temperatures. More about the thermal sensitivities of lifetimes and two-line intensity ratios of some phosphors emitting in the UV/blue spectral range can be found in the rather comprehensive surveys by Särner et al. (2008a) . In Omrane et al. (2004b) , the time decay of La 2 O 2 S:Eu was used to measure the temperature of water/acetone droplets suspended in an acoustic levitator. Inorganic phosphors consist of small solid particles and have luminescence properties which are not influenced by the composition of the liquid in which they are dispersed. This is clearly an advantage over molecular tracers whose emissions generally depend upon their chemical environment. Omrane et al. (2004c) extended lifetime measurements to imaging. They used a high-speed camera containing seven independent intensified CCD detectors and a pyramidal beam splitter to subdivide the incoming light to the detectors. For accurate measurements, the time gates of the detectors and the time delay between them needed to be adjusted carefully. This can be an issue when working with high temperature gradients. Furthermore, this requires prior estimation of the investigated temperatures. Measurements with this imaging technique were performed on a free falling droplet and a water spray. Due to the relatively long lifetime of the phosphor (a few tens of ls), the spray velocity may introduce a noticeable temporal averaging during the acquisition time.
Brübach et al. (2006) used Mg 4 GeO 5.5 F:Mn to measure the temperature in a spray of n-dodecane droplets. In this study, an intensified CCD camera combined with an image doubler was used to detect the luminescence signal at two emission wavelengths. Figure 28 shows typical results obtained when the injection temperature in the spray nozzle was changed. To reach a reasonable signal-to-noise ratio, the signal needed to be integrated for approximately as long as the phosphor lifetime, i.e., several ms. Such a long exposure time results in a significant averaging. Using phosphors with shorter lifetimes (in the range of a few nanoseconds) should overcome this problem. Särner et al. (2008b) suggested using ZnO:Zn and ZnO:Ga which have very short-lived emission lines in the UV. Moreover, these lines are significantly blue shifted as the temperature increases which introduces the possibility of using intensity ratios. Measurements with these phosphors were demonstrated in the case of methanol droplets falling individually in a Bunsen flame. Combined temperature and velocity measurements were also demonstrated by Omrane et al. (2008) . In this study, the temperature of a hot air flow is determined using Mg 4 FGeO 6 :Mn phosphors and the two-line emission method, while the same phosphor particles also act as tracers for 2D velocity measurements using PIV. Although droplets are not considered in this study, perspectives can be seen in many situations including sprays.
Molecular tagging thermometry
Laser-induced phosphorescence (LIP) has not been used as commonly as LIF in flow diagnostics. This is mainly related to the fact that long-lived excited states largely suffer from quenching by oxygen. LIP was essentially limited to diagnostics where it offers some advantages over LIF, such as molecular tagging velocimetry (MTV). In this technique, the long lifetime of the phosphorescent molecules means their displacement between two consecutive images can be visualized to determine their velocity (Koochesfahani and Nocera 2007) . Advanced applications of MTV relies on supramolecules which are almost unquenchable by oxygen, in particular the ternary complex 1-BrNp•Gb-CD•R-OH (1-BrNp: 1-bromonapthtalene, Gb-CD: glucosyl-b-cyclodextrin, R-OH: an alcohol) introduced by Gendrich et al. (1997) . The emission of the latter also proved to be temperature dependent (Thomson and Maynes 2001) . The derived measurement method called molecular tagging thermometry (MTT) originally suffered from limitations linked to it relying on the signal intensity of a single band. Hu and Koochesfahani (2003) developed a lifetime-based version of the MTT technique. The lifetime is determined by the intensity ratio of the tagged molecules between two consecutive images. To accurately calculate the ratio, interrogation windows are changed between the images to follow the displacement of the tagged molecules which are transported by the flow. The sensitivity of the method is also adjusted by changing the time delay between the images and between the laser pulse and the first image within the pair . Combined temperature and velocity measurements have been reported for various kinds of liquid flows, including pulsed jet flows (Hu and Koochesfahani 2002) and flows in the wake region of a heated cylinder . Recently, MTT was used to measure the temperature of sessile droplets which were frozen on a cooled plate Jin and Hu 2010) . In this application, displacements of the tagged molecules due to a Marangoni flow are negligible within the phosphorescence lifetime which means interrogation windows do not need to be changed within the pairs of consecutives images.
Thermochromic liquid crystal
Liquid crystals are highly anisotropic fluids which exist between the boundaries of the solid phase and the conventional, isotropic liquid phase. The temperature visualization is based on the property of some cholesteric and chiral-nematic liquid crystal materials to refract light of selected wavelength as a function of the temperature. The color change for the TLC ranges from clear at ambient temperature through red as temperature increases and then to yellow, green, blue and violet before turning colorless (isotropic) again at a higher temperature (Abdullah et al. 2010; Dabiri 2009 ). The color of light refracted by TLCs depends both on temperature and on the observation angle. Therefore, it is important that the investigated flow is illuminated by a collimated light source and observed by a camera from a fixed direction. The hue representing the dominant wavelength of the color can be obtained by a RGB analysis of the images. The hue is directly dependent on the TLCs temperature, although the color-temperature relationship is generally strongly nonlinear. The technique called digital particle image thermometry was applied in many liquid flow configurations (Dabiri 2009; Dabiri and Gharib 1991) . Dispersing the liquid crystal material into the liquid makes it into a classical tracer used for flow visualization. Suspensions of thermochromic liquid crystals have been used to investigate simultaneously the temperature and velocity fields, liquid crystal particles acting as tracers for PIV measurements (Dabiri and Gharib 1996; Hiller et al. 1993; Park et al. 2001) .
The use of liquid crystal thermography as a means to measure droplet temperature was reported in many references (Hu et al. 1994; Mochizuki et al. 1999; Nozaki et al. 1995; Peterson et al. 1995; Richards 1997, 1998; Treuner et al. 1995) . In these studies, drop sizes were of the order of a few millimeters, while micro-encapsulated liquid crystal typically ranges to a few tens of microns and their response time is a few ms. In Richards and Richards (1998) , TLC thermometry was applied to the investigation of the transient cooling of water droplets suspended at the tip of a capillary tube in dry air. In Nozaki et al. (1995) and Mochizuki et al. (1999) , the technique is employed to measure the temperature of water drops flowing into an immiscible, transparent liquid medium made of silicone oil.
Infrared thermometry and thermal imaging (IRT)
Infrared thermal radiations have been used in a variety of droplet studies to measure the temperature mainly through thermal imaging. A particular issue with IRT methods is to correctly interpret the infrared information according to the radiative properties of the liquid. In almost all the studies, the spectral range of detection is selected in a region where the liquid absorbs strongly because this allows the penetration depth of infrared light to be very small in comparison with droplet size. In this condition, the observed temperature can be safely interpreted as being the surface temperature with very little contribution made by the liquid immediately beneath the surface. Therefore, the emissivity of the liquid surface is the only parameter required in order to deduce the temperature from the infrared radiance. An incorrect integral emissivity value within the spectral region of the IR camera can be a major source of measurement error. In the absence of available information, a calibration may be required to determine the value of the emissivity. Tuckermann et al. (2005) performed simultaneous measurements of the temperature of acoustically levitated droplets using a thermocouple and an IR detection system. The emissivity was adjusted to obtain the best temperature correlations between the measurements. Brutin et al. (2010 Brutin et al. ( , 2011 considered the case of semi-transparent droplets in a study of sessile droplets deposited on a flat heated surface. The authors drew attention to the fact that measurements obtained with different semi-transparent liquids correspond to different depths of penetration. The global emissivity which is deduced from the transmittivity of the liquid increases exponentially with the liquid thickness.
The effect of thermal radiations reflected from the object being measured has rarely been considered even when the droplet temperature is near the ambient temperature. Naudin et al. (1995a, b) presented an inverse model which accounts for the reflectivity of the droplet surface. In these studies, the infrared radiation emitted by a chain of monodisperse droplets was compared with that of a black body placed behind the droplets. The measurement protocol consisted of adjusting the black body temperature to produce the same radiance as the droplets when the latter are not in the detector's field of view. This approach was used to study droplets placed in high temperature ambiances like droplets flowing in flames (Naudin et al. 1995a; Ravel et al. 1997) or impacting onto a heated surface (Amiel et al. 2001) . Measurements of surface temperature using this method were combined with volume average temperature measurements using 2cLIF thermometry by Castanet et al. (2003a) .
Among all the applications of IRT to probe the droplet temperature, a significant number are also related to droplets suspended by acoustic levitation. These studies deal with evaporating droplets made of pure liquids (Tuckermann et al. 2002; Wulsten and Lee 2008) , evaporating droplets made of complex mixtures (Saha et al. 2010b; Tuckermann et al. 2005 ) and evaporating droplets undergoing a chemical transformation and/or a change of phase (Ip et al. 2008; Liu et al. 2010; Saha et al. 2010a ). In Savino and Fico (2004) , drops are attached to the tip of a capillary tube and heated in a hot air stream. The use of IRT was also demonstrated for the investigation of thermocapillary convection within droplets resting on a heated solid surface (Brutin et al. 2010 (Brutin et al. , 2011 Ganzevles and Van Der Geld 1998; Sefiane et al. 2008) . Infrared thermography can be used to measure the occurrence of temperature gradients on the droplet surface (Ganzevles and Van Der Geld 1998) and also makes it possible to visualize cellular patterns driven by internal convection and spontaneous evaporation (Fig. 29) as reported by Brutin et al. (2010 Brutin et al. ( , 2011 and Sefiane et al. (2008) .
Conclusion and outlook
This paper gives an overview of the optical techniques which can be used to characterize the temperature and chemical composition of droplets. Characterizing droplets is extremely important particularly for the energy sector (liquid fuel injectors, heat management systems with spray cooling) and the process industry (sprays drying or cooling). In industrial applications, droplets display complex Reprinted from Sefiane et al. (2008) types of behavior: They may be strongly deformed or randomly orientated, their components may exhibit different rates of evaporation or they may also contain several phases (solid content or immiscible liquid layers). Despite the rather wide variety of techniques reviewed in this article, the requirements for measuring the temperature and composition of droplets in these complex situations are still not entirely fulfilled. Several issues remain and these represent challenges for future research work. The techniques reviewed (especially those depending on inelastic light scattering) provide indirect measurements, which means that these techniques require calibrations of the signal (intensity, shape of spectral lines, lifetime…) as a function of the parameters of interest for quantitative measurements. Calibrations need to be performed at conditions close to that of the real measurements and any extrapolating beyond these known signal conditions should be carried out with caution. Some methods (for example Rainbow refractometry or molecular LIF) are sensitive to both temperature and composition and therefore have to be used in experimental conditions where only one of the parameters varies or alternatively by combining them with another method. Despite progress in the recent years, several techniques have only been demonstrated in very simple conditions (single drop in levitation, monodisperse droplet lines.). Further research is needed before they can be applied in real spray conditions. All the presented methods have strengths and weaknesses, knowledge of which is required before using them for a specific application.
Methods based on elastic light scattering do not require additives and are relatively easy to implement. They provide a measurement of the liquid refractive index which is an intrinsic property of the liquid related to the temperature and the composition. However, measurements require a very accurate determination of the angular position of the rainbow, and signal inversion is very sensitive to refractive index gradients and to the shape and orientation of the droplets.
Raman scattering is mainly used to determine the chemical composition of the droplets by analyzing the spectral shape of specific scattering molecules. Temperature can also be determined by monitoring the spectral shift of the OH spectral band, when chemical composition does not vary. Spontaneous Raman spectroscopy mainly suffers from a very weak signal level which means using powerful and highly focused laser beams. If space resolved measurements can be achieved, time averaging is almost unavoidable due to the low signal. Stimulated Raman spectroscopy takes advantage of the amplification of the incident wave and the Raman signal in whispering gallery modes which gives a higher signal level and high sensitivity to composition change.
Methods based on fluorescence and phosphorescence are efficient for measuring droplet temperature and to some extent chemical composition. Approaches based on intensity ratios are preferred for temperature measurements because temperature is not the only factor which affects the signal. The addition of fluorophores is generally needed which can affect some aspects of the investigated system. The emission of molecular tracers may be sensitive to their chemical environment (chemical composition, pH, dissolved oxygen, etc.) . Therefore, their use requires extreme care and sometimes heavy calibration procedures. This problem does not exist with thermographic phosphors and mixing them with the liquid can be enhanced using nanophosphor particles being developed today. A promising alternative to intensity-based measurements is the determination of fluorescent lifetime, an intrinsic property of the emitters depending on the temperature and the chemical environment but which is not influenced by droplet morphology or the extension of the measurement volume. Applications of fluorescence lifetime to droplets are still very limited because they require fast detection devices and ultra-short laser pulses. It is likely that lifetime measurement systems will become more affordable in the future. Application to droplets could largely benefit from the wide use of lifetime measurements in cellular biology.
